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(54) High power optical fiber amplifier/laser system 



(57) A high power Er-doped fiber amplifier/laser 
system includes a cladding-pumped fiber grating laser 
(1 0) that emits an output beam (11 ) at a wavelength that 
falls within an absorption band of erbium. The fiber grat- 
ing laser output beam (11) is used as the pumping 
source for an Er-doped fiber amplifier or laser (12). 
Because the output from the fiber grating laser (10) falls 
within one of the erbium absorption bands, the amplifier 
or laser (12) may be directly pumped with the fiber grat- 
ing laser's output without the need for co-doping. In a 
preferred embodiment, the fiber grating laser (10) is a 

10 

/ 



980 nm ytterbium-doped fiber grating laser that is clad- 
ding-pumped with a multi-transverse mode diode laser 
array (22). The Yb-doped fiber grating laser (1 0) and the 
Er-doped fiber amplifier/laser (12) are preferably spliced 
directly to an input and output arm of a WDM fiber cou- 
pler (24), respectively. This allows the 980 nm output 
from the Yb-doped fiber grating laser (1 0) to be coupled 
to the Er-doped fiber amplifier/laser (12) through an ail- 
fiber path, without having to propagate through air. 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention 

This invention relates to optical fiber amplifier and 
laser systems, and more particularly to a high power 
optical fiber amplifier/laser system with high gain effi- 
ciency and low optical losses. 

Description of t he Related Art 

Optically pumped fiber amplifiers and laser sys- 
tems, described generally in J.E. Midwinter et al., "Opto- 
electronics and Lightwave Technology", John Wiley & 
Sons. 1992, pp. 207-211, are used extensively in ffoer 
optic communication systems. In a typical fiber optic 
communications network, fiber amplifiers are used to 
maintain the amplitude of the signal and the integrity of 
the data it carries between a source and destination. As 
fiber networks increase in size and complexity, so does 
the need for higher output power fiber amplifiers and 
lasers. 

Erbium (Er)-doped optical fibers are commonly 
used for fiber amplifiers and lasers because their char- 
acteristic gain bandwidth is within the third telecommu- 
nications window of 1 .5 microns, which is commonly 
used in fiber optic communication systems. A factor 
affecting the gain efficiency of Er-doped fiber amplifiers 
and lasers is the wavelength used to optically pump the 
Er<loped fiber. The following pump wavelengths have 
been explored, and are listed in order of their represent- 
ative gain efficiencies: 980 nm (4 dB/mW), 1 480 nm (2.5 
dB/mW), 532 nm (1.5 dB/mW), 660 nm (0.5 dB/mW) 
and 807 nm (0.2 dB/mW). 

One prior pumping approach is to directly pump the 
core of the Er-doped fiber using 980 or 1480 nm diode 
lasers. The output (pump) beam from the diode laser 
must be coupled into the core of the fiber, which is a sin- 
gle-mode core with a diameter of approximately 5 to 1 0 
microns. The coupling is usually accomplished with dif- 
fraction-limited optics. Because the pump beam has to 
be focused into the small diameter single-mode fiber, 
only single-transverse mode diode lasers can be used. 
This limits the amount of pumping power available to the 
relatively low (~1 Watt) output powers available out of 
single-mode diode lasers. 

A second approach is described in J.C. Livas et al., 
"High Power Erbium-Doped Fiber Amplifier Pumped at 
980 nm", 1995 Conference on Lasers and Electro- 
Optics. Baltimore, Maryland, 1995, postdeadline pro- 
ceedings, paper CDP27. In this approach, the Er-doped 
fiber is pumped by a high power pump beam that is 
obtained by combining the outputs from multiple 980 nm 
master-oscillator (MORA) lasers via polarization multi- 
plexing. A problem with this approach is the relatively 
high cost and increased complexity associated with the 
multiplexing of multiple laser sources. In addition, dif- 



fraction-limited optics are used to couple the outputs 
from each MOPA laser into a wavelength division multi- 
plexing (WDM) fiber coupler. This results in optical 
losses which, as was the case with the first approach, 

5 always occur to some degree when light is coupled from 
free space into a fiber. 

A third approach is to use a cladding-pumped, neo- 
dymium (Nd)-doped fiber laser as the pump beam 
source for the Er-doped fiber amplifier or laser. Such a 

10 system is described in J.D. Minelly et al., "High-gain 
ffoer amplifier tandem-pumped by a 3-W muftistripe 
diode", Optical Fiber C ommunication Conference. 1992 
OSA Technical Digest Series, Vol. 5 (Optical Society of 
America, Washington, DC.1992), paper TuG2. In this 

15 system, a laser diode array is used to cladding-pump a 
Nd-doped fiber laser (referred to as the Intermediate" 
ffoer laser). The intermediate fiber laser outputs a 1.05 
lim beam, which is used to pump the Er-doped fiber 
amplifier or laser. Because the 1.05 \im pump beam is 

20 not within one of the erbium absorption bands, the Er- 
doped fiber must be co-doped with ytterbium (Yb). The 
ytterbium ions absorb the 1.05 micron pump beam and 
transfer energy to the erbium ions. 

An advantage of this system is that multi-mode 

25 laser diode arrays may be used to pump the intermedi- 
ate fiber laser due to the cladding-pumping configura- 
tion. With cladding-pumping, the output of the diode 
array is used to pump the multi-mode inner cladding of 
the Nd-doped fiber. The inner cladding, which sur- 

30 rounds the Nd-doped single-mode core, couples a sub- 
stantial portion of the diode array pump beam into the 
single-mode core. Because the diode array output does 
not have to be focused to a diameter small enough to 
couple into the single-mode core of the Nd-doped fiber, 

35 multi-transverse mode diode lasers may be used. The 
use of multi-transverse mode diode lasers increases the 
pumping power available for pumping the intermediate 
laser, which in turn increases the output power of the 
intermediate laser that is used to pump the Er/Yb co- 

40 doped fiber amplifier. 

A disadvantage of this approach is that the gain effi- 
ciency of an Er/Yb co-doped fiber pumped with 1 .05 \im 
light is smaller than that of an Er-doped fiber pumped at 
one of the erbium absorption lines. This is because 

45 energy transfer must occur from the ytterbium ions that 
absorb the 1 .05 ^m light to the erbium ions. 

A further disadvantage is that the output coupler in 
the intermediate fiber laser is implemented by cleaving 
one of the endfaces of the Nd-doped fiber. The cleaved 

so endface functions as a partial reflector and cannot be 
directly spliced to the WDM ffoer coupler that is used to 
direct the output of the intermediate laser to the Er/Yb 
ffoer amplifier. As a result, the output from the interme- 
diate fiber laser is launched into the WDM fiber coupler 

55 by putting the output end of the intermediate fber laser 
in close proximity to the input fiber of the fiber coupler. 
Alternatively, an intermediate lens is used. Both of these 
launching techniques result in optical losses. 
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SUMMARY OF THE INVENTION 

In view of the above problems, the present inven- 
tion provides a high power Er-doped fiber amplifier/laser 
system that exhibits higher gain efficiencies and lower 
optical losses than prior systems. 

This is accomplished by utilizing a cladding- 
pumped fiber laser, that emits at a wavelength that falls 
within an absorption band of erbium, as the pumping 
source for an Er-doped fiber amplifier or laser. The cav- 
ity reflectors in the fber laser are implemented with 
intra-core Bragg reflection gratings. Because the output 
from the fiber grating laser falls within one of the erbium 
absorption bands, the Er-doped fiber amplifier or laser 
may be directly pumped with the fber grating laser's 
output without the need for co-doping. 

In a preferred embodiment, the fber grating laser is 
ytterbium-doped, cladding-pumped with a multi-trans- 
verse mode diode laser array and emits at a wavelength 
of approximately 980 nm. Because the cavity reflectors 
in the fber grating laser are implemented with intra-core 
Bragg gratings, the output end of the laser may be 
directly spliced to a fiber coupler. In the preferred 
embodiment, the Yb-doped fiber grating laser and the 
Er-doped fiber amplifier/laser are preferably fusion- 
spliced directly to an input and output arm of a WDM 
fiber coupler, respectively. This allows the 980 nm out- 
put from the Yb-doped fiber grating laser to be coupled 
to the Er-doped fiber amplifier/laser through an all-fiber 
path, without having to propagate through air. This sig- 
nificantly reduces the system complexity and the optical 
losses associated with air-to-fib er coupling. 

These and other features and advantages of the 
invention will be apparent to those skilled in the art from 
the following detailed description of preferred embodi- 
ments, taken together with the accompanying drawings, 
in which: 

BRIEF DESCRIPTION QF THE DRAWING? 

FIG. 1 is a block diagram illustrating the basic prin- 
ciples of the invention. 

FIG. 2 is a schematic diagram illustrating a pre- 
ferred embodiment of an Er-doped optical fiber amplifier 
built in accordance with the present invention. 

FIG. 3 is a perspective view of the Yb-doped fiber 
used in the embodiments of FIGs. 2 and 4. 

FIG. 4 is a schematic diagram illustrating a pre- 
ferred embodiment of an Er-doped optical fiber laser 
system built in accordance with the present invention. 

PETAI 15 P PES CRIPTIQN QF THE INVENTION 

FIG. 1 illustrates the basic principles of the inven- 
tion. A cladding-pumped fber grating laser 10, that 
emits an optical pump beam 11 with a wavelength that 
falls within an absorption band of erbium, is used as the 
pumping source for an Er-doped fiber amplifier/laser 12. 
The fiber grating laser output beam 1 1 is directed to the 



Er-doped fber amplifier/laser 12 with a fiber coupler 16. 
Because the optical pump beam 11 falls within one of 
the erbium absorption bands, the Er-doped fiber ampli- 
fier/laser 12 does not have to be co-doped. 

5 FIG. 2 illustrates a preferred embodiment of an Er- 
doped optical fber amplifier built in accordance with the 
present invention. The fiber gain medium in the clad- 
ding-pumped, fber grating laser 10 is preferably a sin- 
gle-mode, ytterbium-doped optical fber 18. Ytterbium- 

10 doped silica fber lasers are generally known and are 
described in H. M. Pask et al., "Ytterbium-Doped Silica 
Fiber Lasers: Versatile Sources for the 1-1.2 urn 
Region", IEEE Journal of Selected Topics in Quantum 
Electronics. Vol. 1, No. 1. April 1995, pp. 1-15. 

is Intra-core Bragg reflection gratings 20 are used as 
laser resonant cavity mirrors. Intra-core Bragg grating 
reflectors have been used in erbium-doped fiber lasers, 
as described in G. A. Ball et al., "Design of a Single- 
Mode Linear-Cavity Erbium Fiber Laser Utilizing Bragg 

20 Reflectors," Journal of Lightwave Technology. Vol. 10, 
No. 10. October 1992, pp. 1338-1343. The Bragg grat- 
ings 20 are formed in the Yb-doped fber 18 in the same 
manner as they are formed in Er-doped fibers. The fiber 
18 is doped with a dopant, preferably germanium, that 

25 makes it photosensitive to ultraviolet (UV) light. The 
gratings 20 are formed by UV exposure of the fber core 
(not shown) following the technique descrbed in Hill et 
al., "Bragg gratings fabricated in monomode photosen- 
sitive optical fber by UV exposure through a phase 

30 mask," Applied Physics Letters. Vol. 62, No. 10, March 
8, 1993, pp. 1035-10 37. 

FIG. 3 is a perspective view of the Yb-doped fiber 
18 with a portions of the inner and outer claddings 19a 
and 1 9b removed to illustrate the Bragg gratings 20 writ- 

35 ten in the fiber core 21 . Just as the bandwidth and spac- 
ing between the mirrors in a typical laser cavity are 
adjusted to control the lasing wavelength, the periodicity 
of the gratings 20 (which determine the gratings' band- 
width) and the spacing between them are chosen so 

40 that the Yb-doped fber laser's lasing wavelength is 
approximately 980 nm, which falls within one of the 
erbium absorption bands. 

As discussed above, cladding-pumping allows one 
to use high power multi-transverse mode lasers as the 

45 pumping source for the Yb-doped fber 18. In the pre- 
ferred embodiment, the Yb-doped fiber 18 is cladding- 
pumped by a multi-transverse mode diode laser array 
22, preferably an array with an output wavelength of 
approximately 975 nm, which is within the absorption 

so band of ytterbium. The pump beam from the diode laser 
array 22 is guided by the inner cladding 19a, and lasing 
occurs in the fiber core 21 . The use of cladding-pump- 
ing is generally known, and is described in the Pask et 
al. article cited above, and in United States Patent No. 

55 4,815,079 to Snitzer et al.. 

The output from the fiber grating laser 1 0 is prefer- 
ably directed to the erbium-coped fiber amplifier 12 by a 
fber coupler 16, which is preferably a WDM coupler with 
a central coupling section 24. WDM couplers are well 
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known in the art, are described in J.E. Midwinter et al., 
"Optoelectronics and Lightwave Technology". John 
Wiley & Sons. 1992, pp. 205-207, and are available 
commercially from Gould Inc. of Gen Burnie, Maryland. 
Because intra-core Bragg grating reflectors 20 are used 
as the cavity mirrors, the ends of fiber 1 8 do not have to 
be cleaved. This allows for the Yb-doped fiber 18 to be 
spliced directly to an input arm 26 of the WDM coupler 
16 (splices are indicated by an "X" symbol in the fig- 
ures). With properly macthed fibers, this significantly 
reduces the optical coupling losses that would other- 
wise be present if the output of the fiber grating laser 1 0 
were to be launched into the WDM couple 16 after exit- 
ing the fiber 18 and propagating through air. The other 
input arm 28 of the WDM coupler 16 is positioned to 
receive a 1.5 ^m signal 31 to be amplified by the Er- 
doped fiber amplifier 12. 

The WDM coupler 16 directs the 980 nm pump 
beam from the f ber grating laser 1 0 and the 1 .5 urn sig- 
nal 31 to an output arm 32, which is spliced directly to a 
single-mode, Er-doped fiber 30 that makes up the fber 
amplifier 12. The unused coupler output arm 34 is termi- 
nated using an index-matched termination 36. 

The Er-doped fiber 30 amplifies the 1.5 ^m signal 
31 in response to excitation from the 980 nm pump 
beam from the fiber grating laser 10. The amplified 1.5 
um signal 38 then exits the Er-doped fiber 30. The sin- 
gle-mode, Er-doped f ber is suitably AT&T EDF-HC fiber 
doped with erbium. 

FIG. 4 illustrates a preferred embodiment of an Er- 
doped optical fiber laser system built in accordance with 
the present invention. The system is identical to the sys- 
tem of FIG. 2, except for the substitution of an Er-doped 
fiber laser 40 for the Er-doped fiber amplifier of FIG. 2. 
The Er-doped fiber laser 40 preferably comprises an Er- 
doped single-mode fiber 42, with intra-core Bragg grat- 
ing reflectors 44 used for the cavity reflectors, so that 
the fiber 42 may be spliced directly to the coupler output 
arm 32. As discussed above, Er-doped fiber lasers with 
Bragg grating reflectors are generally known and are 
described in the Ball et al. article cited above. 

As with the fiber amplifier 30 of FIG. 2, the Er-doped 
fiber grating laser 40 is pumped by the 980 nm output 
from the Yb-doped fiber grating laser 10, and produces 
a laser output beam 48. The Er-doped fiber grating laser 
40 may be optionally seeded with a signal bean 46 
launched into coupler input arm 28. 

In summary, there is disclosed a high power Er- 
doped fiber amplifier/laser system which includes a 
cladding-pumped fiber grating laser that emits an output 
beam at a wavelength that fails within an absorption 
band of erbium. The fiber grating laser output beam is 
used as the pumping source for an Er-doped fiber 
amplifier or laser. Because the output from the fiber 
grating laser falls within one of the erbium absorption 
bands, the amplifier or laser may be directly pumped 
with the f ber grating laser's output without the need for 
co-doping. In a preferred embodiment, the fiber grating 
laser is a 980 nm ytterbium-doped fiber grating laser 



that is cladding-pumped with a multi-transverse mode 
diode laser array. The Yb-doped fiber grating laser and 
the Er-doped fiber amplifier/laser are preferably spliced 
directly to an input and output arm of a WDM fiber cou- 

5 pier, respectively. This allows the 980 nm output from 
the Yb-doped fiber grating laser to be coupled to the Er- 
doped fber amplifier/laser through an all-fiber path, 
without having to propagate through air. 

Numerous variations and alternate embodiments 

10 will occur to those skilled in the art without departing 
from the spirit and scope of the invention. For example, 
although a diode laser array was disclosed as the pre- 
ferred pumping source for the Yb-doped fiber grating 
laser, other pumping sources that emit within ytter- 

75 bium's absorption band may be used. Some examples 
of other pumping sources are Ti-Sapphire lasers, 
Nd:YLF lasers and Nd:YAG lasers. Such variations and 
alternate embodiments are contemplated, and can be 
made without departing from the spirit and scope of the 

20 appended claims. 

Claims 

1. A fiber-based optical gain system, characterized 

25 by: 

an erbium-doped optical fiber gain medium (12; 
30; 40). 

a cladding-pumped, fiber grating laser (10) for 
30 generating an optical pump beam (11), said 

laser (10) comprising at least one intra-core 
Bragg grating (20) that restricts the laser's las- 
ing wavelength to a value that falls within an 
absorption band of erbium, 
35 a fiber coupler (16) connected to optically cou- 

ple said fiber grating laser (1 0) to said fber gain 
medium (12) so that said gain medium (12) is 
pumped by said optical pump beam (11). 

40 2. The system of claim 1, characterized in that said 
cladding-pumped, fiber grating laser (10) com- 
prises a single-mode, ytterbium-doped fiber grating 
laser (10). 

45 3. The system of claim 1 or 2, characterized in that 
said fber coupler (1 6) comprises a wavelength divi- 
sion multiplexing (WDM) fiber coupler (16) with a 
first input arm (26) spliced to said fiber grating laser 
(10), and an output arm (32) spliced to said erbium- 

50 doped optical fber gain medium (12), said coupler 
(16) directing said optical pump beam (11) to said 
coupler output arm (32) so that said optical pump 
beam (1 1) is coupled into said gain medium (12). 

55 4. The system of claim 2 or 3, characterized in that 
said ytterbium-doped fiber grating laser (10) com- 
prises: 

a single-mode, ytterbium-doped optical fber 
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(18) with at least one intra-core Bragg grating 
(20), and 

a solid-state laser (22) positioned to cladding- 
pump said ytterbium-doped fiber (18). 

5 

5. The system of claim 4, characterized in that said at 
least one intra-core Bragg grating (20) restricts the 
lasing wavelength of said ytterbium fiber laser (10) 
to approximately 980 nm. 

10 

6. The system of claim 5, characterized in that said 
erbium-doped optical fiber gain medium (12) com- 
prises a single-mode, erbium-doped optical fber 
amplifier (30) for amplifying an optical signal beam 
(31), and wherein said WDM fiber coupler (16) fur- 75 
ther comprises a second input arm (28) positioned 

to receive said optical signal beam (31) and direct it 
to the output am (32) of said coupler (16), thereby 
coupling said optical signal beam (31) into said 
erbium-doped fiber amplifier (30). 20 

7. The system of any of claims 1-5, characterized in 
that said erbium-doped optical fiber gain medium 
(12) comprises an erbium-doped fiber laser (40). 

25 

8. An fiber-based optical gain system with an all-fber 
pump-to-gain-medium coupling path, characterized 
by: 

a fiber gain medium (12; 30; 40), 30 
a fiber grating laser (10) for generating an opti- 
cal pump beam (1 1 ) with a wavelength that falls 
within the fiber gain medium's pump wave- 
length band, said fiber laser (10) comprising at 
least one Bragg reflection grating (20) that 35 
determines the laser's lasing wavelength, and 
a wavelength division multiplexing (WDM) fber 
coupler (16) with a first input arm (26) spliced 
to said fiber laser (10), a second input arm (28) 
positioned to receive an optical signal beam 40 

(31) , and an output arm (32) spliced to said 
fiber gain medium (12; 30; 40), 

said WDM fiber coupler (16) directing said opti- 
cal pump beam (11) and said signal beam (31) 
from said input arms (26, 28) to said output arm 45 

(32) , so that said beams are coupled into said 
fiber gain medium (12; 30; 40). 

9. The system of claim 8, characterized in that said 
fiber gain medium (12) comprises an optical fber so 
amplifier (30). 



10. The system of claim 8, characterized in that said 
fiber gain medium (12) comprises an optical fber 
grating laser (40). 



55 



EP 0 802 592 A2 




6 



EP 0 802 592 A2 




7 



(19) 



(12) 



Europdisches Patentamt 
European Patent Office 
Office europ^en des brevets 

EUROPEAN PATENT APPLICATION 



■llllilllUli 

(n) EP 0 802 592 A3 



(88) Date of publication A3: 

12.05.1999 Bulletin 1999/19 

(43) Date of publication A2: 

22.10.1997 Bulletin 1997/43 

(21) Application number: 97105859.9 

(22) Date of filing: 09.04.1 997 



(51) Int. CI. 6 : H01S3/06, H01S 3/094 



(84) Designated Contracting States: 


• Bruesselbach, Hans 


DEESFRGBITSE 


Calabasas, California 91302 (US) 


(30) Priority: 16.04.1996 US 632861 


(74) Representative: 


Steil, Christian, Dipl.-lng. et al 


(71) Applicant: 


Witte, Weller, Gahlert, 


Hughes Electronics Corporation 


Otten & Steil, 


El Segundo, California 90245-0956 (US) 


Patentanwdlte, 




Roteb0hlstrasse121 


(72) Inventors: 


70178 Stuttgart (DE) 


• Minden, Monica L 




Calabasas, California 91302 (US) 





CO 

< 

CM 

o> 
in 

CM 

o 

CO 

o 

UJ 



(54) High power optical fiber amplifier/laser system 



(57) A high power Er<loped fiber amplifier/laser 
system includes a cladding-pumped fiber grating laser 
(1 0) that emits an output beam (11 ) at a wavelength that 
falls within an absorption band of erbium. The fiber grat- 
ing laser output beam (11) is used as the pumping 
source for an Er-doped fiber amplifier or laser (12). 
Because the output from the fiber grating laser (1 0) fails 
within one of the erbium absorption bands, the amplifier 
or laser (12) may be directly pumped with the fiber grat- 
ing laser's output without the need for co-doping. In a 
preferred embodiment, the fiber grating laser (10) is a 

10 

/ 
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980 nm ytterbium-doped fiber grating laser that is clad- 
ding-pumped with a multi-transverse mode diode laser 
array (22). The Yb-doped f ber grating laser (1 0) and the 
Er-doped fiber amplifier/laser (12) are preferably spliced 
directly to an input and output arm of a WDM fiber cou- 
pler (24), respectively. This allows the 980 nm output 
from the Yb-doped fiber grating laser (10) to be coupled 
to the Er-doped fiber amplifier/laser (12) through an all- 
fiber path, without having to propagate through air. 
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